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Municipal sewage carries SARS-CoV-2 viruses shed in the human stool by infected individuals to wastewater treatment plants (WWTPs). It is well-established that increasing prevalence of COVID-19 in a community increases the viral load in its WWTPs. Despite the fact that wastewater treatment facilities serve a critical role in protecting downstream human and environmental health through removal or inactivation of the virus, little is known about the fate of the virus along the treatment train. To assess the efficacy of differing WWTP size and treatment processes in viral RNA removal we quantified two SARS-CoV-2 nucleocapsid (N) biomarkers (N1 and N2) in both liquid and solids phases for multiple treatment train locations from seven coastal New England WWTPs. SARS-CoV-2 biomarkers were commonly detected in the influent, primary treated, and sludge samples (returned activated sludge, waste activated sludge, and digested sludge), and not detected after secondary clarification processes or disinfection. Solid fractions had 470 to 3,700-fold higher concentrations of viral biomarkers than liquid fractions, suggesting considerably higher affinity of the virus for the solid phase. Our findings indicate that a variety of wastewater treatment designs are efficient at achieving high removal of SARS CoV-2 from effluent; however, quantifiable viral RNA was commonly detected in wastewater solids at various points in the facility. This study supports the important role municipal wastewater treatment facilities serve in reducing the discharge of SARS-CoV-2 viral fragments to the environment and highlights the need to better understand the fate of this virus in wastewater solids.
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GRAPHICAL ABSTRACT
 SARS-CoV-2 viral RNA that enters municipal wastewater treatment facilities is efficiently removed across a range of facility sizes and treatment trains.



1. Introduction

For more than a decade, wastewater surveillance has been used to track chemical markers of human activity, such as illicit drugs, pharmaceuticals, tobacco and alcohol (Causanilles et al., 2017; Choi et al., 2018; Mercan et al., 2019; Estévez-Danta et al., 2022), as well as pathogens including enteric viruses (Bisseux et al., 2018), Poliovirus (Hovi et al., 2012), Hepatitis A Virus and Norovirus (Hellmér et al., 2014). Between January and March 2020, the early detection of the new human coronavirus (SARS-CoV-2) in the stool of confirmed COVID-19 patients (Wu Y. et al., 2020) and in sewage samples (Medema et al., 2020) suggested wastewater surveillance could also be useful in monitoring the spread of COVID-19. Since that time, SARS-CoV-2 has been found in stool samples of both symptomatic and asymptomatic individuals (Amirian, 2020; Mizumoto et al., 2020; Nishiura et al., 2020) and in community wastewater systems across the globe (Ahmed et al., 2020a). It is clear that increasing prevalence of COVID-19 in the population increases the viral load in community wastewater treatment plants (WWTPs) (Amoah et al., 2020; Bogler et al., 2020; Paul et al., 2021), making monitoring of SARS-CoV-2 biomarkers in wastewater systems a useful public health tool. Therefore, wastewater surveillance is considered a promising approach for the early detection of outbreaks and to monitor the spread of SARS-CoV-2 within the catchment areas of wastewater treatment plants (Bisseux et al., 2018; Gonzalez et al., 2020; Graham et al., 2020; Xagoraraki and O'Brien, 2020; Gonçalves et al., 2021).

Wastewater treatment personnel may come in contact with wastewater media (liquids, solids, aerosols) during sampling or system maintenance; therefore, there was early concern of SARS-CoV-2 exposure to personnel at treatment facilities (Ghernaout and Elboughdiri, 2020; Oliver et al., 2020; Shutler et al., 2020). However, several studies have shown the risk of COVID-19 transmission during wastewater treatment to be limited (Arora et al., 2020; Kitajima et al., 2020). Nevertheless, only a few studies have assessed the fate of SARS-CoV-2 in wastewater systems including their discharge to freshwater bodies (Kumar et al., 2021; Mohan et al., 2021; Westhaus et al., 2021; Wurtzer et al., 2021). Bivins et al., (Bivins et al., 2020) documented 90% reduction of SARS-CoV-2 viability after only 1.5 days in wastewater, which is longer than the travel time in a sewage gathering network, and considerably shorter than the typical hydraulic residence time during treatment (Xing et al., 2021). Recent studies have shown that SARS-CoV-2 genetic material was detected in hospital wastewater (Gonçalves et al., 2021; Pourakbar et al., 2021), WWTP influent (Sherchan et al., 2020; Hata et al., 2021) and effluent (Nasseri et al., 2021; Westhaus et al., 2021), as well as in water bodies receiving treated wastewater (Naddeo and Liu, 2020). This indicates a potential downstream human and environmental health risk via the fecal-oral and fecal- aerosol infection routes (Lewis, 2020; Gholipour et al., 2021). For instance, Pourakbar and coauthors (Pourakbar et al., 2021) reported the presence of SARS-CoV-2 RNA in aerosols released during aeration within secondary treatment reactors. Altogether, this suggests SARS-CoV-2 may be variably removed at wastewater treatment facilities.

Like other enteric pathogens present in human sewage, the fate of SARS-CoV-2 in wastewater treatment facilities is likely to be influenced by facility design and operational factors. Recent studies have suggested that the efficiency of engineered facilities in eliminating enteric virus such as SARS-CoV-2 or neutralizing its infectivity depends on population infection rate, the treatment facility design (Wigginton et al., 2015), the disinfection approach (Arslan et al., 2020; Bogler et al., 2020) and environmental factors (inc. temperature, pH, organic matter, oxidizing agents and presence of antagonistic bacteria) (Gundy et al., 2009). To date, only a few studies have assessed SARS-CoV-2 biomarker removal during the key stages of a wastewater treatment process (Haramoto et al., 2020; Randazzo et al., 2020; Sherchan et al., 2020). Furthermore, there is limited data available regarding the removal or decay of SARS-CoV-2 present in sludge after treatment (Kocamemi et al., 2020; Abu Ali et al., 2021; Balboa et al., 2021; Bhattarai et al., 2021; Serra-Compte et al., 2021; Westhaus et al., 2021). These studies suggest that viral RNA is mostly diverted to the sludge, and that RNA degradation may also contribute to their absence after secondary treatment. The majority of existing studies are focused on the comparison of SARS-CoV-2 genetic material loads in the liquid phase, and very little attention has been paid to their fate in the solid phase of wastewater (Kocamemi et al., 2020; Peccia et al., 2020). It is known that enteric viruses such as SARS-CoV-2 can adsorb to solid and/or colloidal particles due to the presence of a lipid bilayer surrounding the protein capsid, via electrostatic and hydrophobic interactions (Arraj et al., 2005; Verbyla and Mihelcic, 2015). Balboa et al. (2021) also found SARS-CoV-2 genetic material to have high affinity to primary sludge and sludge thickened solids.

Here, we set out to document how SARS-CoV-2 genetic material moves through seven coastal New England wastewater treatment facilities. Our three objectives were: (1) to track changes in SARS-CoV-2 RNA biomarkers along the treatment train and assess viral RNA removal before discharge; (2) to evaluate the fate of SARS-CoV-2 within the facility, specifically its partitioning between the liquid and solid phases; and (3) to compare the log removal and adsorption–desorption distribution coefficient (KD) of SARS-CoV-2 to other well-studied viruses in wastewater systems. This study demonstrates the important role played by municipal wastewater treatment facilities in collecting, concentrating, and removing SARS-CoV-2 in sewage systems before discharge to the environment, and highlights the need to better understand the fate of this virus in wastewater solids.



2. Materials and methods


2.1. Collection of wastewater samples

Samples were collected between October 2020 and February 2021 from seven WWTPs located within 70 miles of each other in three coastal New England states: New Hampshire, Maine, and Massachusetts. The WWTPs differ considerably by flow, population served, treatment train, and estimated positivity (based on 7-day average) at the time of sampling (Table 1). WWTPs are referenced in this manuscript based on their location (e.g., NH-1), secondary treatment process (Bar = multi-stage Bardenpho or AS = activated sludge) and their disinfection system (CD = chlorination/dechlorination or UV = UV disinfection). A total of 45 samples were collected in duplicate from the seven WWTPs, including untreated wastewater (n = 9), primary treated (n = 4), secondary treated (n = 13), solids/sludge including return activated sludge, waste activated sludge, and digested sludge (n = 12), and final effluent (after disinfection, n = 7). Samples were collected from locations from the beginning to the end of the facility, designated as BP = before primary, AP = after primary, AL = aerated lagoon, AS = after secondary, ASC = after secondary clarifier, RAS = returned activated sludge, WAS = waste activated sludge, CD = after chlorination/dechlorination, and UV = after UV disinfection (Supplementary Figure S1). Samples were collected in sterile 1-L RNase/DNase free polystyrene containers in the morning (between 10:00 am to 12:00 noon) and immediately transported on ice to the University of New Hampshire, where they were processed within 24 h.


TABLE 1 Characteristics of wastewater treatment plants surveyed in this work.
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2.2. Extraction and quantification of SARS-CoV-2 viral RNA

Viral RNA was extracted separately from solid and liquid fractions and quantified (Supplementary Figure S2). Of the 45 samples, 33 were fractionated into solid and liquid fractions, with the remaining 12 solely analyzed for liquids because of insufficient solids generated during centrifugation. The solid fraction was collected from the pre-centrifuge step, where subsamples were centrifuged at 5,000 × g for 30 min in order to pellet suspended solids including microbial cells and associated viral particles (Ahmed et al., 2020b). Nucleic acids were extracted from 0.25 g of the pelleted solids using the Allprep PowerViral DNA/RNA Kit (Qiagen, Hilden, Germany) and a QIAcube Connect (Qiagen, Hilden, Germany). The supernatant generated from the pre-centrifuge step, representing the liquid fraction, was subsequently transferred into a sterile 50 ml conical tube containing 10% (w/v) Polyethylene Glycol 8000 (PEG; Millipore Sigma) and 2.25% (w/v) NaCl (0.3 M, Millipore Sigma) (Bibby and Peccia, 2013; Ahmed et al., 2020b). The liquid fraction viral genetic material was concentrated with PEG/NaCl by centrifugation at 12,000 × g for 2 h. After the supernatant was removed, the resulting liquid fraction pellet was resuspended in 400 μl of RNAse free dH2O. Nucleic acids were extracted from the liquid fraction pellet suspension using the Allprep PowerViral DNA/RNA Kit (Qiagen, Hilden, Germany) and a QIAcube Connect (Qiagen, Hilden, Germany). Viral RNA for both fractions (solids and liquids) were each eluted into a 50 uL final volume RNase free dH2O for quantification.

Two SARS-CoV-2 viral nucleocapsid biomarkers (N1 and N2) and a biomarker for the human RNase P gene (RP) (CDC, 2020) were quantified in RNA extracts using reverse transcriptase droplet digital PCR (RT-ddPCR). See Supporting Information for thermocycling parameters and digital droplet quantification details, and Supplementary Table S1 for primer and probes used in this study. Although quantified RNA was not adjusted based on percent recovered, we determined the recovery of SARS-CoV-2 RNA from both solid and liquid fractions by spiking synthetic SARS-CoV-2 RNA quantified control (catalog no. COV019; Exact Diagnostics, Fort Worth, TX) into sterilized wastewater at two concentrations. Recovered concentrations were converted to percent recovery by dividing by the total spiked concentration. An average 58 to 54% recovery of N1 and N2 biomarkers in liquid fractions and average of 37 to 31% recovery of N1 and N2 biomarkers in solid fractions was observed. These recoveries are comparable with those obtained by similar studies using the electronegative filtration method (Gonzalez et al., 2020; Sherchan et al., 2020) but lower than studies using aluminum hydroxide adsorption-precipitation concentration method (Randazzo et al., 2020). Note we did not use the aluminum hydroxide approach because we wanted to maintain a consistent method for processing liquid and solid fractions in this work. Differences in RNA recovery between data here and other studies is likely related to different matrices, RNA extraction approach, and differences in RT-ddPCR workflow.



2.3. Field and wastewater physicochemical parameters analyses

In addition to collecting samples for SARS-CoV-2 RNA quantification, we collected parallel samples into 1L HDPE sterile bottles for analyses of total suspended solids (TSS), total dissolved solids (TDS), volatile suspended solids (VSS), and chemical oxygen demand (COD). TDS, TSS, and VSS were determined within 24 h of sampling following EPA methods 2540-C, 2540-D and 2540-E, respectively. COD analysis was conducted on unfiltered samples within 2 days of sample collection using a spectrophotometer (DR6000, Hach, USA), following Method 8000 TNT Plus 821/822. Field measurements were collected at each sample location for electrical conductivity (EC), pH, dissolved oxygen (DO), and redox potential using a Thermo Scientific Orion Star A329 meter (ThermoFisher Scientific, Waltham, MA) calibrated before each sampling event.



2.4. Data normalization and statistical analyses

Differences between SARS-CoV-2 RNA concentrations before and after each treatment stage were evaluated using a paired t-test (p ≤ 0.05), while associations between viral RNA concentrations and physicochemical parameters were evaluated with Pearson's correlation coefficient in SigmaPlot version 14.5 (Systat Software Inc., San Jose, CA, USA). Viral RNA concentrations that were below method Limits of Detection (LODs) were treated as half of the LOD value in our statistical comparisons.

To elucidate sorption behavior of SARS-CoV-2 viral fragments in wastewater, we calculated adsorption–desorption distribution coefficient (KD in L/kg) at different stages of treatment based on viral RNA biomarker concentrations measured in the solid and liquid fractions. The KD was obtained by dividing viral biomarker concentration in the solids fraction (copies/Kg of wet weight solid) by the biomarker concentration in the liquid fraction (copies/L).

Log removal of SARS-CoV-2 biomarkers between influent and effluent samples for each treatment stage was calculated as follows: Log removal = [image: image].

Influent concentration refers to the SARS-CoV-2 RNA concentration of the influent (both liquid and solid phase) of each WWTP, while effluent concentration refers to SARS-CoV-2 RNA concentration (liquid and solid phase) of the effluent from the corresponding treatment stage.

Liquid-solid partitioning (%abundance) was calculated using the fraction of SARS-CoV-2 biomarkers mean loadings discharged in liquid or sludge, where the loadings were calculated from SARS-CoV-2 biomarker concentrations per respective volume (for liquid samples) or wet weighted mass load (for sludge samples).




3. Results


3.1. SARS-CoV-2 viral RNA is removed from effluent during wastewater treatment

To investigate the efficiency of SARS-CoV-2 viral RNA removal in WWTPs differing in size and treatment processes, we quantified two biomarkers (N1 and N2), and the human RNase P gene (RP), in both liquid and solid phases of wastewater samples from seven coastal New England WWTPs. The average daily flow of the WWTPs studied ranged from <1 million gallons per day (MGD) to >1,000 MGD, representing small towns (1,062 persons) to a major metropolitan area (>3 million persons). The estimated positivity (based on 7-day average) ranged from 3.6 to 9.9 at the time of sampling, respectively (Table 1). Despite significant differences in population size and percent positivity during sampling, SARS-CoV-2 viral biomarkers N1 and N2 were consistently quantified at concentrations <2,200 copies/100 ml in the liquid phase and <16,000 copies/g in the solid phase of the influent wastewater samples. Specifically, viral biomarker concentrations ranged from 1,070 to 2,200 copies/100 ml for N1, and 910 to 2,100 copies/100 ml for N2 in raw (untreated) wastewater (Figure 1 and Supplementary Table S3). Levels of viral biomarkers N1 and N2 were below detection after disinfection for all facilities sampled, highlighting the efficiency of these WWTPs in removing viral RNA during treatment (Figures 1A–C and Supplementary Table S3). In all WWTPs sampled, viral biomarkers N1 and N2 decreased in the liquid phase from the influent until after the secondary clarifier. However, N1 and N2 biomarker concentrations in the liquid phase of return activated sludge (RAS) and/or waste activated sludge (WAS) were on par with and sometimes larger than liquid phase biomarker concentrations before primary treatment. Similarly, viral biomarkers in the solids fraction also decreased from the influent until after the secondary treatment, with N1 and N2 biomarkers concentrated in the RAS and/or WAS at levels similar to before primary treatment (Figure 1 and Supplementary Table S3). These data are in line with recent studies conducted in Spain, France, Iran, rural Canada, and Utah (USA) documenting the removal of SARS-CoV-2 RNA during wastewater treatment (Balboa et al., 2021; Bhattarai et al., 2021; D'Aoust et al., 2021; Pourakbar et al., 2021; Serra-Compte et al., 2021).
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FIGURE 1
 Concentration of two SARS-CoV-2 RNA biomarkers (N1 and N2) measured using RT ddPCR in the liquid and solid phases of untreated and treated wastewater samples from three coastal New England WWTPs (MA, NH-1 and NH-3) (A–C). Liquid phase concentrations are shown as blue bars, while solid phase concentrations are shown in brown. N.S. indicates no sample was analyzed due to limited solids recovery. BDL represents concentrations below the limit of detection of the instrument.


We observed that primary treatment (n = 5) resulted in an average log removal of 0.25 to 0.27 for N1 and N2 biomarkers, respectively, from the liquid phase of the effluents collected from WWTPs after this stage (Supplementary Table S4). Viral particle removal during secondary treatment processes showed a similar range. However, we observed differences in removal depending on the type of secondary treatment process. In WWTPs with AS systems (NH-3, NH-4, NH-5, MA, and ME), which used aeration to enhance biological degradation of suspended and dissolved solids, an average 0.17 to 0.19 log reduction of N1 and N2 biomarkers was observed (Supplementary Table S4). In contrast, wastewater systems designed with Bar (NH-1 and NH-2) had 0.5 to 0.53 log reduction in SARS-CoV-2 biomarkers. Enhanced nutrient and suspended solids removal in the Bar system than in other secondary treatment processes may improve viral particle reduction (Schmitz et al., 2016). Finally, no viral RNA was detected after the secondary clarifier stage, resulting in 1.39 log reduction or higher (Supplementary Table S4). These results provide evidence that secondary treatment and the subsequent clarification processes effectively remove the majority of detectable SARS- CoV-2 genetic material from the liquid phase during wastewater treatment.

The presence of SARS-CoV-2 RNA in the solid phase of these investigated WWTPs was also evaluated. We detected N1 and N2 biomarkers in sample solids from influent wastewater through secondary treatment (at concentrations up to 3,560 copies/g). Primary treatment (n = 5) resulted in an average log removal of 0.25–0.26 for N1 and N2 biomarkers from the solid phase of the effluents (Supplementary Table S4). Viral particle removal during secondary treatment processes showed a similar range. In WWTPs with AS systems (NH-3, NH-4, NH-5, MA, and ME), an average of 0.2–0.23 log reduction was observed (Supplementary Table S4). Wastewater systems designed with advanced Bardenpho process (NH-1 and NH-2) had 0.5–0.45 log reduction in SARS-CoV-2 biomarkers (N1 and N2) which is higher than facilities using conventional processes. We were unable to quantify log removal for solids after secondary clarification because insufficient mass was recovered for viral extraction. Results of SARS-CoV-2 removal in both solid and liquid phases reported here (Supplementary Table S4 and Figure 1) demonstrate that only a portion of viral genetic material present in the influent is removed during the first stage of wastewater treatment, through physical procedures like gravitational precipitation of suspended colloids or settling of organic matter (Saawarn and Hait, 2021; Sangkham, 2021). Consequently, secondary treatment and/or disinfection is necessary for complete removal of SARS-CoV-2.

Interestingly, we found relatively high SARS-CoV-2 RNA concentrations in waste activated sludge samples (up to 5,400 copies/g) from the three smallest WWTPs (NH-1, NH-5, and ME) where the sludge is only treated by volume reduction methods. Similarly, SARS-CoV-2 biomarkers were detected in the solid phase of digested sludge samples (up to 2,600 copies/g) where waste activated sludge discharge into an anaerobic sludge digester (MA WWTP). This data indicates that SARS-CoV-2 genetic material partitions into the solids fraction of samples to various degrees (Zhang et al., 2017).



3.2. Solids carry a sizeable portion of SARS-CoV-2 viral RNA in wastewater

Balboa et al. (2021) showed SARS-CoV-2 was preferentially associated with wastewater sludge. To further assess the affinity of SARS-CoV-2 genetic material for wastewater solids, we estimated adsorption-desorption distribution coefficients (KD in L/kg) for different stages of treatment based on N1 and N2 concentrations measured in liquid and solid phases (Supplementary Table S5). In general, log KD increased with higher solids content of wastewater samples along the treatment train. For instance, the mean log KD for the N1 biomarker increased from 2.7 L/kg in the influent, to 3.2 L/kg after-primary, and 3.6 L/kg after-secondary (MA) (Supplementary Table S5). These estimates indicated SARS-CoV-2 is ~470 to 3,700 × more concentrated in the solids as compared the liquid phase. Moreover, despite solids making up only a small fraction of the sample (solids content ~0.02%), the majority of SARS-CoV-2 genetic material is associated with the solids fraction.

Based on these differences in the adsorption-desorption distribution constant, we further explored sample partitioning at three facilities (MA, NH-1, and NH-2) by considering the percent solids in each sample. We assumed in our calculation that the majority of solids were separated and extracted in our wet weighted solids fraction, with the remaining sample volume extracted as liquid phase. Using a straight water density conversion (1 g = 1 ml), we calculated the portion of biomarkers associated with each phase (Supplementary Table S6). SARS-CoV-2 N1 biomarkers in the solids therefore comprised from 51 to 81% in raw wastewater, 60 to 89% after primary treatment, then 66 to 90% after secondary treatment (Figure 2 and Supplementary Table S6). The portion of N1 viral biomarkers in the solids for RAS and WAS samples showed a similar range (54 to 92%). These values indicated that the majority of viral RNA in wastewater samples prior to the secondary clarifier are associated with the solids, which in turn represents a very small mass fraction of the sample. This is supported by limited data reported by others (Balboa et al., 2021; Serra-Compte et al., 2021).


[image: Figure 2]
FIGURE 2
 Percentage abundance of SARS-CoV-2 biomarkers across treatment stages in three different wastewater treatment plants in coastal New England area. See Supplementary Table S6 for calculations.


The WWTPs sampled in this work vary in several aspects that may influence the liquid-solid partitioning of SARS-CoV-2 RNA. Influent total suspended solids (TSS) concentrations differed 20-fold between the seven WWTPs (104 to 3,050 mg/L), which may have affected SARS-CoV-2 RNA partitioning (Supplementary Table S7). Similarly, influent organic matter percentage (VSS/TSS) varied from 11 to 98%, indicating that in some cases the TSS was comprised primarily of inorganic content (MA, NH-2) as compared to organics (NH-1, NH-3, NH-5, ME). Furthermore, the average removal rates of TSS measured after secondary treatment were higher in MA and NH-1 (93 and 99.5% respectively) as compared with those measured in NH-2, NH-3, NH-4, NH-5 and ME (60%, 81.9 %, 16%, 86% and 81.6% respectively) WWTPs. This potentially affected the removal rate of viral RNA attached to the suspended solids during this treatment step.

In order to determine whether EC, TSS, TDS, VSS, or COD concentrations were predictive of SARS-CoV-2 viral biomarker concentrations, we next assessed the relationship between these parameters using Pearson's correlation coefficient. No significant correlation (p > 0.05) was found between TSS, TDS, VSS, pH, redox, or COD and SARS-CoV-2 biomarkers N1 and N2 in either the liquid or solid wastewater fractions (Figure 3). Interestingly, SARS-CoV-2 biomarkers were strongly associated with EC values in both liquid (ρ = 0.36; p < 0.05) and solid phases (ρ = 0.48; p < 0.05; Supplementary Table S2). Electrical conductivity, which is a measure of the ability of water to conduct an electrical current, depends on the concentration of conductive ions (cations and ions) in the water (Liu et al., 2020). One possible explanation for this correlation is that high cation content disrupts floc structures, reducing its settleability (Kara et al., 2008) and enhancing adsorption sites for viruses (Wong et al., 2013). The presence of cations can also reduce the electrostatic double layer, altering charge structure on solids (Nasser et al., 1993; Wong et al., 2012; Yang et al., 2022).


[image: Figure 3]
FIGURE 3
 Correlation between SARS-CoV-2 biomarker concentrations in the liquid and solid phase, and physicochemical parameters measured across coastal New England WWTPs.





4. Discussion

In this work, we sought to investigate changes in concentrations of SARS-CoV-2 RNA biomarkers along the wastewater treatment train and assess viral RNA removal before discharge. We also aimed to evaluate the fate of SARS-CoV-2 within the facility, specifically its partitioning between the liquid and solid phases. Our work indicates that primary and secondary treatment achieves variable but consistent removal of SARS-CoV-2 RNA biomarkers from wastewater liquids across all investigated WWTPs. This finding is consistent with related studies assessing viral RNA removal during the key stages of a wastewater treatment process (Haramoto et al., 2020; Randazzo et al., 2020; Sherchan et al., 2020). In contrast to previous work that reported detectable viral RNA in both the influent and treated sewage (Westhaus et al., 2021), here we found no quantifiable viral RNA after the secondary clarification process. Although viral RNA detection is influenced by the sensitivity of our extraction and quantification approach (Dimitrakopoulos et al., 2022), our results support the effectiveness of several different wastewater treatment sizes and designs in removing SARS-CoV-2 RNA before discharge to receiving water bodies at the reported detection limits. Nevertheless, molecular methods for concentrating viral RNA in wastewater continue to evolve with research knowledge and improved biotechnology tools. For example, our current approach uses magnetic nanopolymers rather than PEG/NaCl to concentrate viral particles in wastewater. Magnetic nanoparticles or electronegative filtration (LaTurner et al., 2021) may have improved recovery of SARS-CoV-2 in this study. Additionally, a second limitation comes from our use of grab samples at these facilities. Recent studies have indicated that 24-h composite samples or swabs deployed over a specific temporal interval may better account for fluctuations in SARS-CoV-2 than grab samples, particularly in low flow catchments (Acer et al., 2022; George et al., 2022). However, given the samples in our study derive from the treatment facility, some degree of community mixing would have occured in the sewershed before reaching the facility influent. Therefore, community variations should be dampened to some degree.

Removal for different types of indicator viruses including human adenovirus, human polyomavirus and pepper mild mottle virus during secondary and disinfection processes has been reported as being between 0.6 and 3.4 log (Kitajima et al., 2014; Schmitz et al., 2016; Tandukar et al., 2020; Wu Z. et al., 2020). These results of other indicator virus elimination rates are in agreement with the log removal of SARS-CoV-2 RNA described in the present work. This suggests secondary treatment followed by disinfection is effective in elimination of various groups of indicator viruses and pathogens. Although the number of facilities investigated here was small, we did observe that Bar systems had greater removal of SARS-CoV-2 genetic material over activated sludge systems (Schmitz et al., 2016). Differing microbial communities, redox conditions, and/or longer solids retention time associated with the Bar systems may all play a role in these observed differences. Moreover, it was clear from this work that higher SARS-CoV-2 RNA removal occurred following the primary clarification stage, suggesting that the interaction between viral particles and primary solids is critically important for viral particle removal (Graham et al., 2020; Balboa et al., 2021).

It is known that enteric viruses can adsorb to solid and/or colloidal particles due to the presence of a lipid bilayer surrounding the protein capsid, via electrostatic and hydrophobic interactions (Arraj et al., 2005; Verbyla and Mihelcic, 2015). Here, our analyses showed measurable levels of SARS-CoV-2 biomarkers in primary, secondary, waste activated sludge and anaerobic digested sludge samples. This data indicates this enveloped virus may have high affinity toward solids, similar to non-enveloped enteric viruses (e.g., adenovirus, rotavirus, enteroviruses and norovirus) (Berg, 1973; Ward, 1981; Rao et al., 1987; Yin et al., 2018; Gholipour et al., 2022). A previous study suggested viral particle sorption to solids was positively correlated with the organic matter content (Gundy et al., 2009), which may play a role in protecting viral particles from physical, chemical, or biological degradation (Gundy et al., 2009; Paul et al., 2021). The strong association with organic matter may also partially explain the efficient removal of SARS-CoV-2 material in the primary treatment phase, as well as its higher removal observed in the Bar systems, which typically have longer solids retention time (SRT). A higher SRT allows greater interaction time between SARS-CoV-2 and activated sludge solids, increasing its potential for sorption.

Interestingly, almost 70% of measured SARS-CoV-2 biomarkers left the treatment system in the solids, demonstrating the importance of this wastewater media in concentrating viral RNA during treatment. Our results are in agreement with recent studies reporting that solids are responsible for sorptive protection of viral RNA, suggesting that the SARS-CoV-2 RNA biomarkers are mostly diverted to the sludge (Kocamemi et al., 2020; Balboa et al., 2021; Serra-Compte et al., 2021). Moreover, our work is consistent with those of Serra-Compte et al. (2021) who reported the presence of SARS-CoV-2 genetic material in anaerobic digester sludge. These results indicate that viral biomarkers may continue to partition into the solids fraction of samples and are not inactivated by the anaerobic condition of the digester (Zhang et al., 2017). Similarly, previous studies with other human coronaviruses reported the occurrence of viral RNA in sludge samples after anaerobic digestion (Bibby et al., 2011; Bibby and Peccia, 2013; Bhattarai et al., 2021). Although PCR-based molecular tools do not indicate infectious SARS-CoV-2 virus is present, biomarkers are useful for monitoring the prevalence and fate of viruses in wastewater treatment media, especially when treated sludge is reused for beneficial purposes such as soil amendment (Wigginton et al., 2015). Recent studies indicated that biosolids containing detectable SARS-CoV-2 genetic material may leach into the surrounding soils and even contaminate groundwater (Li et al., 2020; Yang et al., 2020). Moreover, greater adsorption capacity and longer survivability for enveloped (e.g., SARS-CoV-2 and Phi6) compared with non-enveloped viral surrogates (e.g., MS2, T4, and Phix174) has been observed in wastewater solids, which is of interest for sludge discharge or reuse strategies (Katz et al., 2018; Yang et al., 2020, 2022). Therefore, further studies assessing the fate of SARS-CoV-2 biomarkers in wastewater sludge, as well as studies determining the viability of viral fragments in biosolids would further inform our understanding of any public health risks associated with their handling.
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